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TECHNICAL NOTE
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Renal epithelial cells in culture have been used widely in
recent years [1, 21. Numerous cell lines from different species
have been established. Although these cell lines may provide
convenient tools for general physiological and biochemical
studies, the precise origin of these cell lines cannot be accu-
rately delineated since they were started from a mixture of
different nephron segments and have undergone dedifferentia-
tion after years of subculturing. In order to obtain cultured cells
from defined nephron segments with their differentiated fea-
tures preserved, in vitro cultures of individually isolated neph-
ron segments have been attempted [3—6]. While the amount of
cell material available for use may be limited, such a system has
been demonstrated to be feasible for morphological and bio-
chemical studies [3—6]. In the present study, we have charac-
terized the phosphate transport function of the in vitro cultured
rabbit proximal convoluted (PCT) and straight (PST) tubules
and shown the feasibility of using primary cultured proximal
tubule cells for transport studies. Results of the present study
also show that the original transport property and hormonal
response of these tubular segments are preserved in the cul-
tured cells.
Kidneys derived from New Zealand White male rabbits (1.5
to 2.0 kg body weight) were used. PCT (mostly S1 segment) and
PST (mostly S3 segment) from superficial nephrons were dis-
sected freehand under the dissecting microscope. Microdissee-
tion was performed within 90 minutes at 4°C in culture medium
(DME:HAM F12 with 10 mivi Hepes and 5 mM glutamine, pH
7.4, Irvine Scientific, Irvine California, USA) containing 0.4%
bovine serum albumin. Five to ten pieces of tubules (0.5 to 1.5
mm each) in 80 .d of dissecting medium were transferred and
explanted onto tissue culture plastic, 66 X 66 mm 4-well
multidish (Nunc Interlab, Thousand Oak, California, USA). In
general, 12 to 18 wells were explanted for each segment from
one rabbit kidney. Care was taken to explant tubules free of
fibrous tissue or other nephron structures. Tissue culture dishes
were precoated with a thin film of 0.5% collagen (Type 1,
Sigma, St. Louis, Missouri, USA) which was neutralized by
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ammonium fume and fixed with 4% glutalaldehyde. To enhance
attachment, explanted tubules were incubated for thirty min-
utes at 37°C under humidified 5% CO2 before feeding 0.3 ml of
serum-supplemented medium. Serum-supplemented medium
contains 10% fetal calf serum and antibiotics (200 g/ml peni-
cillin, 150 g/ml streptomycin) and was used during the first
week when the outgrowth of tubule cells initiate. At the end of
the first week, culture medium was changed to serum-free
medium supplemented with antibiotics and defined hormones (5
p.g/ml bovine insulin, 5 g/m1 human transferrin, 5 X 10—8 M
hydrocortisone) [7].
To increase the amount of cultured cells, subconfluent
monolayers from each segment were detached at the end of the
second week and subcultured onto 24-well multidish culture
dishes without collagen substrate. Detachment of the sub-
confluent monolayers was achieved by 15 minutes of incubation
at 37°C in calcium and magnesium-free phosphate-buffered
solution containing 0.25% trypsin (Sigma). Detached cells (ap-
proximately 40 g protein) were washed, resuspended in 240 d
of serum-supplemented culture medium and were transferred in
10 1 to each of the 24 wells and incubated for 30 minutes at
37°C under humidified 5% CO2 before feeding 0.3 ml of serum-
supplemented culture medium. At the end of the third week, the
culture medium was changed again to serum-free, hormone-
supplemented culture medium.
Transport studies were performed at the end of the fourth
week when the majority of the wells reached confluency. In
order to minimize nonspecific effects of hormones in the medi-
um, cells were deprived of hormones over night before the
transport studies. Cellular phosphate uptake was measured in a
medium containing (mM): NaCI 120, KC1 5, NaHCO3 25,
MgSO4 1.2, CaCl2 1.5, and K2HPO4 as the substrate, pH 7.5.
Transport was initiated by adding 250 itl of uptake medium
containing radiolabeled substrate K2H32P04 (1 uCi/mI) and
incubated in a water-bath shaker (100 cycle/mm) at 25°C.
Uptake was terminated by washing the cells with substrate-free
uptake medium (4°C) three times. The cells were then solubi-
lized with 0.3 ml of NaOH (0.1 N) and the radioactivity of an
aliquot (80 d) was counted by liquid scintillation counter
(Beckman LS 9800, Beckman Instruments, Fullerton, Califor-
nia, USA) while another aliquot (200 l) was used for protein
assay by Lowry's method [8]. Sodium-dependent transport of
268
.
1t
'5
k ;
t4
 
Suzuki et a!: Phosphate transport in PCT and PST 269
Fig. 1. Light micrographs of cultured rabbit PCT (A) andPST (B,C,D) (x 200). Monolayer outgrowths from cut ends of the tubules (A, B) usually
take place after a lag phase of 4 to 10 days. Both PCT and PST have similar growth pattern and similar appearance under light microscopy.
Confluent monolayer (C) with dome formation (D) can be seen in the majority of wells 2 weeks after subculture.
Table
vasop
1. cA
ressin
MP formation in response to l-34,bPTH (1 U/mI) and
(ADH, 10 M) in cultured rabbit PCT and PST cells
Extracellular cAMP fmol/mg/30 mm
Control PTH ADH
PCT 28 0.6 260 37a 29 2.0
PST 33 1.4 228 19° 25 4.0
Serum-, and hormone-deprived confluent monolayers were incubated
with respective hormone at 25°C for thirty minutes. cAMP released into
the incubation medium was measured by radioimmunoassay. Results
are mean 5E of three experiments.
a P < 0.05 vs. control
phosphate was calculated as the difference between phosphate
transport in the presence and absence of sodium. Sodium-free
uptake medium was prepared by replacing NaCI and NaHCO3
with choline chloride and choline bicarbonate, respectively.
Both PCT and PST exhibited similar growth patterns with an
initial lag phase of 4 to 10 days followed by exponential growth.
Monolayer outgrowths of cells usually took place from the cut
ends of the tubules (Fig. 1 A,B). At the end of the second week,
subconfluent monolayers (approximately 3 to 5 g protein per
well) were observed in over three quarters of explanted wells.
The exponential proliferation of cells continued after subculture
and confluent monolayers with dome formation were observed
in the majority of wells by the end of the fourth week (Figure 1
C,D). Protein content of each confluent monolayer was rela-
tively constant and averaged 4,8 0.3 jig/well (N 48).
Although cells from PCT and PST have similar appearance
under light microscopy (Fig. 1), distinct morphological differ-
ences between these two are noted when examined by electron
microscopy. As shown in Figure 2, PCT cells are columnar in
shape while PST cells are more flattened. Both types of cells
showed morphological polarity with apical microvilli and baso-
lateral infoldings. These features, however, were more promi-
nent in PCT cells. Mitochondria were distributed randomly
throughout the cytoplasm and were more abundant in PCT
cells. Both PCT and PST cells showed appropriate adenylate
cyclase response to parathyroid hormone (1 ,34-bPTH, I U/mi)
and not arginine vasopressin (10—6 Table 1).
Figure 3 shows the time course of phosphate uptake. In the
absence of sodium, phosphate uptake was minimal in both PCT
and PST cells. The uptake of phosphate was significantly higher
in PCT cells at five minutes (5152 77 vs. 3450 588
pmol/mg/5 mm, N = 4, P < 0.05) and afterwards. The rate and
the amplitude of cellular phosphate uptake found in these
studies are comparable to those reported in other proximal
tubule cell lines [9—111. Figure 4 shows five minute phosphate
uptake at different phosphate concentrations (0.01 to 100 jiM).
Kinetic analysis of sodium-dependent phosphate uptake re-
vealed a higher Vma for PCT cells (5133 467 vs. 3573 223
pmollmg/5 mm, N = 6, P < 0.05) while km values for phosphate
were not different between the two (17.6 5 vs. 13.3 0.8 jiM,
N = 6, P >0.1). Despite the similar adenylate cyclase response
to PTH in both PCT and PST cells, addition of 1 ,34-bPTH (1
U/mI) inhibited phosphate uptake only in PST but not PCT cells
Fig. 3. Time-dependent phosphate uptake by
cultured rabbit PCT (open circle) and PST
(closed circle) cells. Sodium-independent
phosphate uptake was minimal in both PCT
and PST (cross sign). Phosphate uptake was
measured in serum-, and hormone-derived
cells in confluent monolayers (2 weeks after
subculture) with 50 SM K2HPO4 containing I
Ci/ml K2H32P04 as substrate at 25°C.
Results are mean se of triplicate
measurements from 4 experiments (* P < 0.05
vs. PST),
(Fig. 5). Addition of 8-bromo-cAMP (0.1 mM) also failed to
inhibit phosphate transport in PCT cells (Fig. 5). The resistance
to the inhibitory effect of PTH on phosphate transport in PCT
cells is thus likely to occur at steps post-cAMP generation.
These results are consistent with the phosphate transport
characteristics of rabbit PCT and PST previously described in
the isolated tubule perfusion studies [12—14].
Results of the present study therefore demonstrate that the in
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Fig. 2. Electron micrographs of cultured rabbit PCT (A) andPST (B) cells at2 weeks after subculture (x 3,570). In contrast to light micrographs,
distinct morphological differences between PCT and PST cells can be seen under electron microscopy.
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vitro culture system of dissected renal tubules is capable of
providing sufficient differentiated cells for transport studies.
Although the cellular phosphate uptake measured in these
studies includes that from both the apical and basolateral
membranes, uptake from these membrane sites may be differ-
entiated by using membrane filters and Ussing chambers [15].
To complement the isolated renal tubule perfusion system, the
in vitro culture of isolated nephron segments can thus serve as
another useful experimental system for studying the physiolog-
ical and biochemical functions of defined nephron segments.
Addendum
tracted from rat tail tendons in 0.1% acetic acid and gels were
prepared by adding into each of the 66 x 66 mm wells 400 pJ of
mixture of collagen solution (325 j.d, approximately 2 mg
protein), 0.34 N NaOH (25 tl) and 8 x concentrated culture
medium (50 pi). Collagen gels were sterilized by exposure to
ultraviolet light in the tissue culture hood. We found that
collagen gels particularly improved the step of primary culture
so that out growth of cells from explanted tubules occured in
more than 95% of the wells and approaching confluency within
one week.
After preparing the manuscript, we have found that the use of
collagen gels greatly enhances the out growth of primary and
subsequently subcultured cells. Collagen gels were prepared as
described previously [15]. In brief, type I collagen was ex-
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Fig. 4. (A.) Five minute phosphate uptake by cultured rabbit PCT (open circle) and PST (closed circle) cells at different phosphate concentrations.(B) Lineweaver-Burk plot of sodium-dependent phosphate uptake. Results are mean SE of triplicate measurements from 6 experiments.
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Fig. 5. Effects of 1-34, bPTH (1 U/ml) and
8-bromo-cAMP (0.1 mM) on sodium-
dependent 5 mm phosphate uptake by
cultured rabbit PCT and PST cells. Results
are mean SE of triplicate measurements
from 3 experiments. (*P < 0.05 vs. control).
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